A transcription factor (TF), OmpR, plays a critical role in transcriptional regulation of the osmotic stress response in bacteria. Here, we reveal a genome-scale OmpR regulon in Escherichia coli K-12 MG1655. Integrative data analysis reveals that a total of 37 genes in 24 transcription units (TUs) belong to OmpR regulon. Among them, 26 genes show more than two-fold changes in expression level in an OmpR knock-out strain. Specifically, we find that: 1) OmpR regulates mostly membrane-located gene products involved in diverse fundamental biological processes, such as narU (encoding nitrate/nitrite transporter), ompX (encoding outer membrane protein X), and nuoN (encoding NADH:ubiquinone oxidoreductase); 2) by investigating co-regulation of entire sets of genes regulated by other stressresponse TFs, stresses are surprisingly independently regulated among each other; and, 3) a detailed investigation of the physiological roles of the newly discovered OmpR regulon genes reveals that activation of narU represents a novel strategy to significantly improve osmotic stress tolerance of E. coli. Thus, the genome-scale approach to elucidating regulons comprehensively identifies regulated genes and leads to fundamental discoveries related to stress responses.
The key to bacteria's survival is their ability to sense and respond to the different environmental stresses to which they are exposed. OmpR coordinates genome-scale transcriptional responses to osmotic stress with its cognate sensor EnvZ in many enteric bacteria 1 . The general role of this TF has been investigated using in vitro DNA-binding experiments and comparative transcriptomics [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . For example, OmpR controls production of two outer membrane porins, OmpF and OmpC, that enable bacterial cells to survive fluctuations in the osmolarity of the growth medium 12, 13, 15, 16 . However, much less is known about in vivo OmpR-binding at the genome-scale under osmotic stress and the regulon that they comprise in E. coli K-12 MG1655. There were several reports that investigated the genome-scale role of OmpR in Salmonella enterica and Salmonella Typhimurium, and these studies found some novel OmpR-regulated operons that are part of the S. enterica ancillary genome 18, 19 . Also, there was a study that investigated the response of acid stress by OmpR in E. coli K-12 CSH50 and compared it with that . An earlier study also had focused on the transcriptome response of acid stress by OmpR in E. coli K-12 BW25113 20 . It is expected that a complete reconstruction of the OmpR transcriptional regulatory network (TRN) in response to osmotic stress will reveal a more detailed understanding of its regulation on a genome-scale even in E. coli K-12 MG1655. A better understanding of the OmpR regulatory network can shed further light on its functions if it also coordinates stress responses with other fundamental cellular/metabolic processes as do other TFs [21] [22] [23] . Based on such elucidation, inter-relationships among other regulons such as those related to different environmental stress responses can be investigated [21] [22] [23] . A systems biology approach based on genome-scale experimental measurements and integrative analysis can contribute to such an understanding.
Here, a systems biology approach was applied to decipher the OmpR regulatory networks under osmotic stress (NaCl treatment). We first examine the OmpR-binding sites on the E. coli K-12 MG1655 genome from chromatin immunoprecipitation with lambda exonuclease digestion followed by high-throughput sequencing (ChIP-exo). Then, we measure transcription levels of genes in wild-type and knock-out mutant of OmpR on a genome-scale from strand-specific massively parallel cDNA sequencing (RNA-seq). These datasets are integrated to identify causal relationships and reconstruct the OmpR regulon. A combination of topological and functional analyses of the OmpR regulon provides an unprecedented and comprehensive view of genome-wide regulatory roles of this TF under osmotic stress.
Results and Discussion
Genome-wide binding profile of OmpR under osmotic stress. Over the last two decades, 8 binding sites (TUs) have been identified for OmpR in E. coli by in vitro DNA-binding experiments and relevant mutational analysis [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, direct measurements of genome-wide in vivo OmpR binding are not available in E. coli K-12 MG1655. Thus, we first performed a ChIP-exo experiment to determine in vivo genome-scale binding profiles of OmpR in E. coli K-12 MG1655 under osmotic stress condition (0.3 M NaCl treatment). We used the 8-myc epitope tagging approach as previously reported 21 to perform a ChIP-exo experiment, and epitope tagging did not change the ability of E. coli to respond to osmotic stress (Fig. 1a) . From ChIP-exo experiments, we identified 25 reproducible binding sites for OmpR under osmotic stress (Fig. 1b and Supplementary Table 1 ). All these binding sites were found within regulatory regions including upstream of promoters, promoters, and 5′-proximal to coding regions (Supplementary Table 1) . These results show a strong preference of OmpR-binding site locations being within the noncoding intergenic regions similar to other transcription regulators [21] [22] [23] [24] [25] [26] [27] . We also detected 88% (7 of 8) of OmpR-binding sites reported from previous studies ( Fig. 1c and Supplementary Table 2 ). The only exception was the upstream region of bolA but it is unclear why this site is missing from the dataset obtained here. Nevertheless, we significantly expanded the current knowledge of OmpR binding information on the genome.
To identify DNA sequence motifs of OmpR binding sites, we first used the MEME software tool 28 with the genomic sequences of binding sites. The identified sequence motif of OmpR from 25 binding peaks (KWWGTTACAT) was consistent with the previously characterized repeat sequence of the OmpR-binding site (tTTGTTACAT) (Fig. 1e) 2 . In addition, we used two other methods, ChIPMunk and diChIPMunk, to identify DNA sequence motifs of OmpR [29] [30] [31] . The identified sequence motifs were similar to that from the MEME software tool in that these two methods generated the previously known repeat sequence (GTTACATTTTGTTACAT) ( Supplementary Fig. 1 ). We believe that the OmpR-binding sites revealed here are bona fide binding sites given the consistency of the known binding sites and their motifs.
Genome-wide reconstruction of the OmpR regulon. Before this study, a total of 11 genes in 8 transcription units (TUs) had been characterized as members of OmpR regulons. The ChIP-exo datasets of this study expanded the size of the OmpR regulons to contain 37 target genes in 24 TUs ( Fig. 1d and Supplementary Table 1 ). To determine the causal relationship between the genome-wide binding of OmpR and changes in levels of RNA transcripts of regulon genes, transcript levels of wild-type and those of a deletion mutant (ΔompR) were compared with both grown under stress condition with 0.3 M NaCl treatment. Overall, a total of 412 genes were differentially expressed (log 2 fold change ≥ 1 and false discovery rate (FDR) ≤ 0.01) ( Fig. 2a and Supplementary Data 1).
Combining the genome-wide OmpR-binding map with the OmpR-dependent transcriptome enabled us to define the causality between the binding of OmpR and transcript levels of the corresponding genes under osmotic stress. Of the 37 target genes discovered from the ChIP-exo experiment, 26 genes in 16 TUs were directly regulated by OmpR under osmotic stress ( Fig. 2a and Supplementary Table 1 ). For example, the promoter region of narUZYWV TU was extensively occupied by OmpR under the osmotic stress condition and this binding significantly increased transcript levels under this condition (Fig. 2b, left panel) . A total of 14 genes were regulated by this regulatory mode, and half of them were previously identified as regulon members (Supplementary Table 1 ).
In contrast, association of OmpR on the yccT TU decreased transcript level under the same condition (Fig. 2b , middle panel). We identified a total of 12 genes repressed by binding of OmpR and only one of them (nmpC) was previously characterized (Supplementary Table 1 ). For the remaining 11 genes, we were not able to find statistically significant changes in expression levels. However, reproducible binding peaks and motifs were detected at the regulatory regions of these genes just like the ompX case (Fig. 2b , right panel). It may be possible that other co-regulating TFs partially take over the regulatory role on each gene under our experimental stress condition when OmpR is deleted on the genome. The calculation of the relative distance from binding centers of OmpR to transcription start site (TSS) 32, 33 showed that it binds to the sites either upstream or downstream of the corresponding promoter region, whether OmpR can act as a repressor or an activator (Supplementary Table 1) . Like other TFs, OmpR may prevent binding of other repressors or directly activate transcription by recruiting RNAP, or exclude RNAP binding at this region to repress transcription. Based on these results, we graphically summarized the transcriptional regulatory network of OmpR by combining ChIP-exo and RNA-seq data on E. coli genome (Fig. 2c) .
Interaction of OmpR regulon with other stress-response TFs. Next, we classified 37 target genes based on clusters of orthologous groups (COG) protein database (Fig. 3a) 
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. These genes were categorized into 13 different COG functional categories including energy production and conversion (C), carbohydrate metabolism and transport (G), cell wall/membrane/envelope biogenesis (M), and inorganic ion transport and metabolism (P). Although their functional categories were diverse, 68% of these gene products (25 of 37) were known to be located in either inner (18) or outer (7) membranes (Fig. 3b ) 33 . Only 9 gene products were located in cytosol and 3 gene products were unknown. These results indicate that OmpR mostly regulates membrane proteins of various functional processes and thus affects the composition of the membrane proteomes.
We further integrated the information from the OmpR regulon with other regulon data of TFs related to oxidative stress (OxyR, SoxR, and SoxS), iron imbalance stress (Fur), and acid stress (GadE, GadW, and GadX) based on our previous studies [21] [22] [23] (Fig. 3c) . Surprisingly, 92% (34 of 37) of OmpR regulon members were not regulated by any of those 7 TFs. The exceptions were dtpA encoding tripeptide/dipeptide: H + symporter (regulated by GadX), znuA encoding Zn 2+ ABC transporter (regulated by OxyR), and micF encoding small regulatory RNA (regulated by SoxS and GadE).
We continued our analysis by including the entire list of TFs of E. coli. Still, 49% (18 of 37) of the regulon members did not have any known regulatory action by any other TF (Fig. 3d and Supplementary Table 3 ). Two TUs, flhDC and csgDEFG, were regulated by an additional 7 and 9 other TFs, respectively, indicating the importance of precise regulation of cell motility in various environments.
In addition, by combining our previous results on reconstruction of TRNs on oxidative stress, iron imbalance stress, and acid stress with this study, we could make a list of genes consisting of entire sets of gene products regulated by corresponding 8 different TFs in response to these four different environmental stresses (Supplementary Data 2). A total of 243 different genes were regulated by these TFs, and surprisingly 85% (206 of 243) of these genes were only regulated by a single TF (Fig. 3e and Supplementary Data 2) . Then, 13% (33 of 243) of these genes were regulated by two TFs. Based on these results, it appeared that these genes tend to be regulated by each TF separately depending on the types of stress with marginal overlap between regulons, while the sigma factor networks appear to provide the cell with regulatory redundancies 35 .
Physiological roles and evolutionary aspects of the OmpR regulon. In order to further examine physiological roles of the OmpR regulon identified above, we examined effects of single gene knock-out or overexpression on cell growth under osmotic stress. We hypothesized that if any OmpR-repressed gene is physiologically important for osmotic stress tolerance, overexpression of this gene may result in growth retardation. When we overexpressed 6 newly identified genes (copA, yccT, htpX, yobB, nuoN, and alx) among OmpR-repressed genes and compared their growth rates with that of wild-type under both normal and osmotic stress conditions, only overexpression of yccT showed 40% decrease in growth rate under osmotic stress (Fig. 4a,d) . Interestingly, overexpression of nuoN encoding NADH:ubiquinone oxidoreductase retarded growth of cells even under normal conditions (Fig. 4a) . These results show that overexpression of membrane-associated proteins had a negative effect on E. coli growth under the experimental osmotic stress and protein induction conditions. Thus, in order to eliminate any potential caveats related to differential protein expression, we additionally examined whether deletion of these OmpR-repressed genes would improve the tolerance of cells toward osmotic stress. However, all mutant strains showed similar growth rates under both normal and osmotic stress conditions compared to that of wild-type (Fig. 4a,e) . Based on a similar hypothesis, we deleted 3 newly identified and 2 previously known genes (ompF, narU, dtpA, znuA, and queE) among OmpR-activated genes. In this case, deletion of ompF encoding outer membrane porin F and narU encoding nitrate/nitrite transporter showed a 21% and 30% decrease in growth rate under osmotic stress, respectively (Fig. 4b,f) . Interestingly, overexpression of ompF slightly retarded growth of cells under normal conditions but perfectly abolished cellular growth under osmotic stress (Fig. 4b,g ). However, the overexpression of narU significantly improved cell growth (36%) under osmotic stress (Fig. 4b,g ). It is unclear at this point how overexpression of narU contributes to the restoration of growth under osmotic stress, but this can be a promising strategy to improve cellular tolerance toward osmotic stress when engineering tolerance into a new strain. We also examined the physiological role of ompX (encoding outer membrane protein X) that did not show changes in transcription level when it was deleted but showed strong binding of OmpR. Although deletion of ompX did not show any change in growth rate, overexpression of ompX showed similar growth retardation to the ompF case (Fig. 4c,e,g ). Based on our growth tests of mutant strains of membrane proteins (yccT, ompF, and ompX), it appears that the composition of membrane proteins has to be precisely controlled to achieve proper response to osmotic stress.
Since osmotic stress response is important for the survival of other bacteria, we examined the phylogenetic distribution of OmpR and its target genes identified here. We determined how the E. coli K-12 MG1655 OmpR regulon is conserved within proteobacteria by comparing gene orthologues in 13 Escherichia, 3 Shigella, 2 Salmonella, 7 Yersinia, 134 γ-proteobacteria, 40 β-proteobacteria, and 58 α-proteobacteria (Fig. 5) . Interestingly, OmpR was highly conserved across species, but genes in the regulon of E. coli K-12 MG1655 were not. This result suggests that other species may have different regulatory networks to cope with osmotic stress. For example, the narUZYWV operon was poorly conserved even in Escherichia, indicating that activation of this operon under osmotic stress might be a unique strategy of E. coli K-12 MG1655 to improve the cell's growth under osmotic stress. (a) OmpR-repressed genes were overexpressed (O/E) to investigate their effects on cellular growth rate under normal and osmotic stress conditions. If mutant strains showed retarded growth rate under osmotic stress conditions, the corresponding genes were knocked-out (K/O) and growth rates of mutant strains were measured. In order to eliminate any potential caveat from differential expression of membrane-bound proteins, we additionally constructed mutant strains of OmpR-repressed genes. The same approach was applied to (b) OmpR-activated genes and (c) Notdetermined genes. The relative maximum specific growth rates were represented as normalized by those of wild-type strains under each condition. Time-course growth curves (OD at 600 nm) of mutants were depicted depending on (d,g) overexpression and (e,f) knock-out conditions. For the osmotic stress condition, the growth media were supplemented with 500 mM NaCl. The mean and standard deviation from independent biological triplicate were represented.
In summary, we have integrated disparate data types from genome-scale experimental methods and analyzed them to describe how this system biology approach guided us to comprehensively understand the fundamental role of the OmpR regulon in response to osmotic stress in E. coli K-12 MG1655. We found that OmpR tends to regulate gene products located in membranes among various biological processes. Detailed examination of physiological roles of OmpR regulon members revealed that activation of narU was important to achieve tolerance toward osmotic stress and precise control of the composition of OmpR-regulated membrane proteins is crucial for the cell's viability. In addition to previous reconstruction studies, the expanded OmpR regulatory network under osmotic stress can be integrated into genome-scale computational models for better predictive capability of cellular stress response 36 . Figure 5 . Evolutionary perspective on OmpR regulon. Conservation levels of the OmpR and its regulon genes across Escherichia, Shigella, Salmonella, Yersinia, γ-, β-, and α-proteobacteria are illustrated by the ortholog calculation. The genes were divided into 13 groups by their functions as in Fig. 3 .
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Methods
Bacterial strains, primers, media, and growth conditions. The OmpR-8myc E. coli strain was generated by a λ Red-mediated site-specific recombination system targeting the C-terminal region 37 . Deletion mutants including ompR and other regulon members were also constructed by a λ Red-mediated site-specific recombination system 38 . Overexpression mutants were constructed by using directional pBAD plasmid system (Invitrogen) according to the manufacturer's instructions. All primers used for the construction of plasmids and strains are presented in Supplementary Table 4 . For overnight culture, E. coli strains were inoculated into fresh 70 ml of 0.2% (w/v) glucose M9 minimal medium in 500 ml flasks at 37 °C with 250 rpm. To make osmotic stress for ChIP-exo and RNA-seq, the overnight cultures were inoculated to OD 600 = 0.02 into another fresh 70 ml of M9 minimal medium in 500 ml flasks and were supplemented with 0.3 M sodium chloride (NaCl) at OD 600 = 0.5 ± 0.04 and incubated for 30 min with stirring. In cases of growth tests under normal and osmotic stress conditions, the same media were used for normal conditions and were supplemented with 0.5 M concentration of NaCl at the beginning of the culture. For overexpression strains, media were also supplemented with 0.02% arabinose and wild-type strain harboring empty plasmid was used as a control.
ChIP-exo and data processing. To identify the genome-wide OmpR-binding map in vivo, the DNA bound to OmpR were isolated by chromatin immunoprecipitation (ChIP) with the antibodies recognizing myc tag (9E10, Santa Cruz Biotechnology) and Dynabeads Pan Mouse IgG magnetic beads (Invitrogen) followed by multiple stringent washing steps 21 . Chromatin-beads materials were used to perform on-bead enzymatic reactions of the original ChIP-exo method with our previous modifications 39, 40 to construct sequencing libraries. We sequenced these DNA libraries using in-house MiSeq machine (Illumina) following the manufacturer's instructions. ChIP-exo experiments were performed in biological duplicate. Sequence reads obtained from ChIP-exo experiments were mapped onto the E. coli reference genome (NC_000913.2) using bowtie 41 with default options in order to generate SAM output files. Previously published MACE program (https://code.google.com/p/ chip-exo/) 42 was used to write an in-house script to define peak candidates from independent biological duplicates with sequence depth normalization. To remove false-positive peaks, peaks having signal-to-noise (S/N) ratio less than 1.0 or having signals on the same position with Mock-IP were not considered 39, 40 .
RNA-seq and data processing. We isolated total RNA including small RNAs using Qiagen RNeasy Plus
Mini Kit (Qiagen) by treating cells with RNAprotect Bacteria Reagent (Qiagen) in accordance with the manufacturer's instructions. Strand-specific dUTP RNA-seq 43 was performed with the modifications 39, 40 to build sequencing libraries in independent biological duplicate. The library samples were sequenced using in-house MiSeq machine (Illumina) in accordance with the manufacturer's instructions. Sequence reads obtained from RNA-seq experiments were mapped onto the same reference genome (NC_000913.2) using bowtie 41 with the maximum insert size of 1000 bp, and 2 maximum mismatches after trimming 3 bp at 3′ ends. These files were used for Cufflinks 42 and Cuffdiff to calculate fragments per kilobase of exon per million fragments (FPKM) and differential expression, respectively, with default options and library type of dUTP RNA-seq. Genes that showed differential expression with log2 fold change ≥ 1.0 and a false discovery rate (FDR) value ≤ 0.01 from the Cuffdiff output were considered as differentially expressed genes in our study.
Motif search and analysis. The OmpR-binding motif analysis was first done by using the MEME tool from the MEME software suite with default settings 28 . In addition, we used two other methods, ChIPMunk and diChIPMunk, to identify DNA sequence motifs of OmpR [29] [30] [31] . Conservation analysis of OmpR regulon. For conservation analysis, annotation information of strains and species were obtained from the SEED server (http://theseed.org). After that, ortholog to E. coli K-12 MG1655 was found from RAST (Rapid Annotation using Subsystem Technology) server 43 . Conservation level of ompR and genes of OmpR regulon were calculated from orthologues retained from RAST output.
